The white rot basidiomycete Trametes versicolor secretes a large number of peroxidases which are believed to be involved in the degradation of polymeric lignin. These peroxidases have been classified previously as lignin peroxidases or manganese peroxidases (MnP). We have isolated a novel extracellular peroxidase-encoding cDNA sequence from T. versicolor CU1, the transcript levels of which are repressed by low concentrations of Mn 2؉ and induced by nitrogen and carbon but not induced in response to a range of stresses which have been reported to induce MnP expression.
The lignin-degrading ability of the white rot basidiomycete Trametes versicolor has been well studied (2, 10) . Along with laccases, two groups of heme-containing proteins, lignin peroxidases (LiP) and manganese peroxidases (MnP), have been reported to be involved in the ligninolytic process. LiP attacks both phenolic and nonphenolic aromatic residues, with the latter giving rise to cation radicals that fragment spontaneously (24) . MnP catalyzes the oxidation of Mn(II) to Mn(III), which in turn can oxidize phenolic lignin subunits (14) . LiP and MnP are both produced by white rot fungi as a number of isozymes which are encoded by families of structurally related genes. In one study, 16 forms of LiP and 5 forms of MnP were detected in a T. versicolor culture fluid (16) . A number of genomic clones encoding LiP isozymes (21) have been characterized, and recently Johansson and Nyman (17) have described a genomic sequence encoding a T. versicolor MnP. In addition, a third type of peroxidase-encoding gene, PGV, has been isolated from T. versicolor PRL 572 (20) . The expression of various isozymes of both the LiP and MnP subfamilies is differentially regulated at the level of gene transcription by physiological growth conditions such as carbon or nitrogen concentration (9, 13) . Brown et al. (5) have demonstrated that production of mRNA encoding MnP in Phanerochaete chrysosporium is induced by the enzyme's primary substrate, Mn 2ϩ . Furthermore, Mn 2ϩ induction of different MnP isozymes is coordinately regulated in P. chrysosporium (9, 13, 32) . Further studies have indicated that MnP production in P. chrysosporium is transcriptionally regulated by a number of other factors, including heat shock (6), H 2 O 2 , chemical stress, and molecular oxygen (26) .
We report here the cloning and characterization of a novel extracellular peroxidase-encoding cDNA sequence (npr) from T. versicolor. The deduced amino acid sequence of the NPR protein contains the 10 invariant residues of all members of the plant peroxidase superfamily (41) (see Fig. 1 ). A comparison of the sequence with various MnP and LiP sequences reveals a high degree of similarity near the active site. In addition, the proposed Mn 2ϩ -binding residues of MnP are present in the deduced NPR. In contrast, the LiP residues suggested to interact with aromatic substrates are not present. This putative protein may therefore represent a new class of ligninolytic peroxidases. Using a reverse transcription (RT)-PCR approach, we have determined that, in contrast to MnP-encoding genes, npr transcript levels are repressed by low levels of Mn . In addition, we have investigated the effects on npr transcript levels of a number of other factors which are known to regulate MnP and LiP expression.
Cloning and characterization of the npr cDNA sequence. A Lambda ZAP II T. versicolor CU1 cDNA library, constructed by Stratagene (Cambridge, United Kingdom) and containing 3.3 ϫ 10 9 amplified recombinants per ml, was plated at a density of 5 ϫ 10 4 PFU per 150-mm petri dish and hybridized overnight at 55°C with 32 P-labelled MNP-1 from P. chrysosporium (34), as previously described (37) . After hybridization, the membranes were washed once with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate for 20 min at 55°C and twice with 0.2ϫ SSC-0.1% sodium dodecyl sulfate for 20 min at 55°C. Six putative positive clones were isolated, and one of these, npr, was chosen for sequencing and characterization. Sequencing was via the dideoxy chain termination method (38) , with a Dye Terminator Cycle Sequencing Ready Reaction Kit and AmpliTaq DNA polymerase FS (Applied Biosystems, Warrington, United Kingdom), on a GeneAmp PCR System 2400 (Perkin-Elmer, Norwalk, Conn.) and an automated DNA sequencer (model 373 Stretch; Applied Biosystems). The sequencing strategy consisted of the initial use of M13 universal primers, followed by designing of primers by using the newly acquired sequences. Both strands were sequenced independently. Sequence data was assembled and processed with the DNASTAR (DNASTAR, Inc., Madison, Wis.) software package. The BLAST algorithm (1) was used to search DNA and protein databases for similarity. The CLUSTAL program was used for amino acid sequence alignment.
The npr nucleotide sequence is 1,362 bp long and contains an open reading frame of 1,089 bp which encodes a protein of 362 amino acids. The coding region GϩC content is 66%, similar to that previously reported for T. versicolor LiP-and MnP-encoding exon regions (17) . The predicted mature NPR translation product is shown in Fig. 1 . Eight cysteine residues are present within the deduced NPR sequence, allowing four possible disulfide linkages to be formed. This would be consistent with evidence from X-ray crystallographic studies with LiP (33) from P. chrysosporium, which indicates an arrangement of four disulfide linkages of 1-3, 2-7, 4-5, and 6-8. Such linkages have also been observed in peroxidases from T. versicolor (27) . However, this differs from MnP, which has a fifth disulfide bond believed to be required for the correct formation of the Mn 2ϩ binding site (39) . A phylogenetic tree was constructed, based on the alignment of the npr-encoded amino acid sequence and amino acid sequences deduced for LiP and MnP from T. versicolor and P. chrysosporium (data not shown). This indicates that NPR is significantly distant at the amino acid level from both the MnP and LiP subfamilies within the plant peroxidase superfamily proposed by Welinder (40) . It shows an identity of approximately 45 to 50% in amino acid sequence with both LiP and MnP sequences from T. versicolor and no more than 53.6% identity with any of the other sequences examined. In the MnP subfamily, NPR appears to be most closely related to PGV (20), a T. versicolor peroxidase which displays a number of novel features. Within these groups, NPR exhibits the greatest divergence from P. chrysosporium MnP sequences.
Analysis of npr transcript levels. In order to determine the point of maximal npr expression, a time course experiment in which npr transcript levels were measured after 4, 6, 8, 10, 12, 14, and 18 days of growth was conducted. An RT-PCR approach which included an internal control system standardizing both the RT and PCR processes was employed. Total RNA was prepared from mycelium samples, as previously described (7), with residual contaminating DNA being removed by digestion with DNase I. Total RNA was quantitated by both spectrophotometric and visual methods (37) . RT reaction mixtures contained 1 g of total RNA, random hexamer primers, and other reaction components previously described (8) . In order to standardize each set of RT-PCR mixtures, a known amount (10 pg) of a control template was added to each RT reaction mixture. This control consisted of RNA transcripts generated from a genomic lignin peroxidase gene (lip) fragment with the Riboprobe in vitro transcription system (Promega). The DNA template used in this in vitro transcription reaction had been amplified from T. versicolor CU1 genomic DNA with the lip forward (5Ј-CGACGCIATCGCCATCTC-3Ј [I represents inosine]) and reverse (5Ј-GAACGGCTCGGG[G /C]ACGAG-3Ј) primers previously described (8) . This fragment contains two introns, yielding an RT-PCR product of 418 bp, and thus could be distinguished from a fragment representing lip mRNA which would, if present, be 304 bp in size. The RT reaction mixtures were incubated at 37°C for 1 h, and reactions were terminated by heating to 65°C for 10 min. PCR amplifications were carried out with forward (5Ј-TCATGGCC CACACCGACG-3Ј) and reverse (5Ј-GCGGTCGGCGATCA TCTT-3Ј) primers designed to specifically amplify npr cDNA sequences and not those encoding either LiP or MnP. With these primers, the npr amplification product is 560 bp. For PCR amplification, a 2-l volume from each RT reaction was mixed with 75 ng of each primer, 5 l of 10ϫ NH 4 Cl Taq buffer (Bioline, London, United Kingdom), 1.5 mM MgCl 2 , 100 M (each) deoxynucleoside triphosphates, and 1.25 U of Taq polymerase. In addition, each reaction mixture contained 75 ng of both lip PCR primers (8) in order to amplify the control RT-PCR fragment in each case. For each experiment, the constant band intensities seen for the amplified product of this lip fragment (see Fig. 2 to 5, lower bands) indicated the uniformity of RT-PCR efficiency. Reaction volumes were adjusted to 50 l with water. Amplification was performed in a PTC-100 programmable thermal controller (MJ Research, Inc., Watertown, Mass.) with 30 cycles of denaturation (1 min at 94°C), annealing (1 min at 56°C), and extension (1 min at 72°C). Tenmicroliter aliquots of each reaction mixture were electrophoresed on 2% agarose gels, and the product band intensities within each experiment were visually compared after ethidium bromide staining. Both the npr fragment and the lip control fragment were sequenced to confirm their identities.
The time course experiment indicated the presence of npr transcripts after 4 days of growth, reaching a maximum after 8 days and then beginning to decrease. However, npr mRNA was still detected in 18-day-old cultures ( Fig. 2) . As the highest level of npr transcription was observed on day 8, for subsequent experiments, fungal mycelia from quadruplicate cultures were harvested, pooled, and analyzed for each datum point following 8 days of incubation.
The effects of Mn 2ϩ on npr transcript levels were investigated by adding MnSO 4 at final concentrations of 0.5, 2, 20, and 200 M to the growth medium. In order to remove trace levels of Mn 2ϩ from the media used, all glassware was soaked overnight in 2 M nitric acid and then extensively rinsed with distilled deionized water. Mn 2ϩ levels in media were measured by flame atomic absorption spectroscopy (Pye Unicam, Cambridge, United Kingdom) at a resonance line of 279.5 nm and in all cases were found to be lower than the detection limit of the instrument (0.018 M). Supplementation of fungal cultures with low levels of Mn 2ϩ had a repressive effect on npr transcript levels (Fig. 3) . A high level of amplification product, representing npr mRNA, was observed when the medium contained no detectable Mn 2ϩ . However when Mn 2ϩ at a concentration of 0.5 M was added, a much reduced level of npr transcript was detected. A further decrease in the level of npr transcription occurred when the Mn 2ϩ concentration was increased to 2 M. Interestingly however, a low level of npr transcription was still detected at Mn 2ϩ concentrations as high as 200 M and even up to 500 M (data not shown).
The possibility that expression of npr may be induced as a response to environmental stresses was investigated by subjecting 8-day-old cultures to a range of stresses before analysis. This was examined by adding either 2,5-xylidine (at a final Experiments were also conducted to determine the effect of nitrogen on npr transcript levels by culturing the fungus on basal medium (8) containing ammonium sulfate as the nitrogen source and no MnSO 4 . Expression of npr was found to be induced by nitrogen at the level of gene transcription (Fig. 4) . As the concentration of nitrogen was increased from 2 mM (limiting nitrogen) to 5 mM (high nitrogen), a corresponding increase in npr transcript levels was observed. A similar effect was observed when the glucose concentration was observed when the glucose concentration was increased from 0.5 to 2 g per liter (Fig. 5 ). Further increases in the level of glucose in the medium had a less marked inducing effect.
The deduced amino acid sequence of the NPR protein isolated here exhibits features characteristic of ligninolytic peroxidases from other strains of T. versicolor and other white rot fungal species. NPR also displays a high degree of amino acid sequence similarity, at and near its active site, with MnP, LiP, and a range of other peroxidases, i.e., the regions surrounding the so-called distal His (residue 47), believed to be involved in charge stabilization during reaction of the heme prosthetic group with H 2 O 2 , and proximal His (residue 175) residue, the proposed axial ligand of heme. In addition, an Arg (residue 43) also essential for activity (11) and a Leu (residue 44) near the distal His are well conserved in NPR and the various other MnP and LiP amino acid sequences. Furthermore, the deduced NPR amino acid sequence contains the 10 invariant residues of all members of the plant peroxidase superfamily (41) (Fig. 1) .
Alignment of the npr DNA sequence (data not shown) or its deduced amino acid sequence with corresponding sequences for ligninolytic peroxidases indicated that NPR cannot be classified as either an LiP-or an MnP-type peroxidase. Instead, the product of npr expression may represent a more distinct class of peroxidase within the ligninolytic peroxidase family. The deduced NPR protein does, however, display some unique features which suggest a closer structural and functional relationship with MnP than with LiP. Firstly, the total Ser content of deduced NPR (26 residues) is consistent with the reported value for MnP (approximately 24 residues) rather than that for LiP (16 residues) (18). Johansson et al. (18) have previously reported this difference in the overall serine content in eight different LiP and MnP isozymes from T. versicolor. Secondly, a number of key residues in MnP, proposed to interact with its Mn 2ϩ substrate (19, 39) , are present in the deduced NPR sequence (Glu 36 , Glu 40 , and Asp 181 ). In contrast, the LiP residues suggested to interact with aromatic substrates of the enzyme (33) are not present in the NPR sequence (Fig. 1) . This suggests that NPR may be evolutionarily, or even functionally, more closely related to MnP. Although possibly related to MnP at the functional level, NPR expression contrasts markedly with regard to its regulation by Mn . Mn 2ϩ has been demonstrated to directly induce mnp transcription in P. chrysosporium (5, 12, 13) , and this is thought to be mediated via a metal response element in the mnp promoter region (15) . In the case of npr, however, Mn 2ϩ appears to have a similar but opposite effect whereby the presence of low concentrations of Mn 2ϩ have a repressive effect on transcription.
A number of studies have reported that some level of mnp transcription occurs in P. chrysosporium in the absence of Mn 2ϩ (5) and in the presence or absence of some other mnpinducing factor (6, 26) . Furthermore, Moreira and coworkers (31) reported that MnP was the predominant oxidative enzyme produced by Bjerkandera sp. strain BOS55, even under Mn 2ϩ -deficient conditions. This group has recently reported the characterization of an MnP-LiP hybrid enzyme produced by this strain in the absence of manganese (30) .
Further contrasts also exist between the regulation of npr and mnp. Transcription of mnp can be induced as a heat shock-like response to chemical stress by ethanol, oxidative stress by H 2 O 2 (26), or heat shock itself (6) in P. chrysosporium. However, in our study such responses were not detected, indicating further the heterogeneity between mnp and npr with respect to their regulation. Increased nitrogen and carbon levels result in increased npr transcripts in T. versicolor CU1. In P. chrysosporium, both MnP and LiP are produced during secondary metabolism only under conditions of carbon or nitrogen limitation (15) , and various isozymes have been shown to be differentially regulated by these nutrients (13, 32) . In contrast, a number of strains of Bjerkandera adusta in which nitrogen appears to have a stimulatory effect on both LiP and MnP production have been isolated (23, 29) . MnP induction by high nitrogen levels has also been reported in Pleurotus ostreatus (23) .
In conclusion, the translation product of npr cannot be clearly classified as an LiP-or MnP-type peroxidase on the basis of DNA or deduced amino acid sequence. An apparent biological contradiction exists in that, although it contains the residues proposed to function as Mn 2ϩ -binding ligands in MnP, transcription of npr is repressed by the presence of Mn 2ϩ . However, it is possible that these residues are involved in the binding of alternative substrates, such as aromatic amines. Furthermore, the repression of npr transcription by Mn 2ϩ makes it difficult to speculate on what the physiological role of its putative translation product might be. One possibility is that it is expressed in the later stages of lignin degradation, when much of the Mn 2ϩ present in wood has been oxidized by MnP to MnO 2 and functions in the further oxidation of lignin subunits. Future work, therefore, will focus on the purification of this putative NPR protein, in either the native form or a recombinant form, in order to characterize it with respect to its substrate range and catalytic mechanism compared to MnP and LiP.
Nucleotide sequence accession number. The nucleotide sequence of the npr gene has been assigned GenBank accession no. AF008585.
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